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REMARKS 


Initially, applicants would like to thank the Examiner, Ms. 
Tran, for the courteous and helpful interview extended to their 
undersigned attorney on March 12, 2004. The claims have been 
amended in light of the results of the interview. The substance of 
the interview is reflected in the following remarks. 

Claim 7 has been amended as proposed during the interview to 
recite that the adsorbent zone and catalyst zone are provided --in 
an in-line exhaust pipe-- as opposed to the prior recitation of the 
adsorbent zone and catalyst zone being provided "in-line in an 
exhaust pipe." This amendment is based on the description on page 
11, lines 10-14, of the application. A new independent claim, 
claim 29, and a new dependent claim, claim 30, have been added to 
the application. Claim 29 corresponds to amended claim 7 but 
recites that the adsorbent contains an H/3-zeolite having an 
Si0 2 /A10 3 ratio of 200 or more. Claim 30 depends on claim 29 and 
limits the noble contained in the adsorbent (i.e., adsorbent- 
catalyst) to Pd. Claims 9 and 10, which included the limitations 
now recited in claims 29 and 30 have been cancelled. Claims 27 and 
28 have also been cancelled. 
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Referring to the Action, the 35 U.S.C. § 112, first and second 
paragraph, rejections of claims 27 and 28 have been rendered moot 
by the cancellation of these claims. 

Regarding the 35 U.S.C. § 103(a) rejections, and, first, the 
rejection of claims 7-22 and 26 based on the disclosure of WO 
94/11623 as the primary reference, claim 7, in addition to reciting 
the system for exhaust gas purification of the present invention as 
"consisting essentially of" an adsorbent zone and a catalyst zone, 
now recites that the adsorbent zone and the catalyst zone are 
provided in an in-line exhaust pipe of an internal combustion 
engine with the adsorbent zone being upstream of said catalyst zone 
with respect to flow of said exhaust gas. 

Claim 7 as amended distinguishes over WO 94/11623 because the 
first and second catalyst zone and the adsorbent zone of the 
exhaust system of WO 94/11623 are not provided in an in-line type 
of exhaust pipe. In an in-line exhaust pipe, the components are 
provided in essentially a straight line. (See the enclosed copies 
of SAE Technical Paper Series 970266, 980423 and 1999-01-1230). On 
the other hand, the exhaust system of WO 94/11623, as shown in the 
drawings, is a looped system in which the exhaust gas is returned 
to a heat exchanger (Fig. 1) or uses a cross monolith wherein a 
first and second catalyst zone are provided (Figs. 2-4). 
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For this reason alone, WO 94/11623, taken alone or in 
combination with the secondary references identified in the Action, 
cannot support a case of prima facie obviousness of the claims. 

Referring to the 35 U.S.C. § 103(a) rejection of claims 7-22 
and 26-28 over EP 661,098 ("EP x 098") in view of WO 94/11623, the 
references are insufficient to support a case of prima facie 
obviousness. The position of the Office is that it would be 
obvious for a person of ordinary skill in the art to have used an 
H/beta-zeolite of WO 94/11623 having an Si0 2 /Al 2 0 3 ratio TSAR") of 
100 or more as the adsorbent in the adsorbent-catalyst disclosed in 
EP ^098. However, obviousness requires, first, that the prior art 
teach or suggest or otherwise provide a motive for making the 
proposed modification and, second, that the art-skilled person be 
able to reasonably predict that the proposed modification will be 
successful. Both the suggestion or motive and the reasonable 
expectation of success are required and have not been shown by the 
Office to be supported in the prior art. 

There is no teaching or suggestion in EP 661, 098 and/or WO 
94/11623 to make the proposed modification and a motive to make the 
proposed modification cannot exist because of the different nature 
of the exhaust systems disclosed in the respective references. 
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Thus, the first requirement for supporting the 35 U.S.C. § 103(a) 
rejection is absent. 

Also, the art-skilled person could not have reasonably 
predicted the results of using an H/beta-zeolite having an 
Si0 2 /Al 2 0 3 ratio ("SAR") of 100 or more (as recited in claim 7) or 
an H/beta-zeolite having an Si0 2 /Al 2 0 3 ratio ("SAR") of 200 or more 
(as recited in claim 29) as the adsorbent in the adsorbent-catalyst 
disclosed in EP '098 because the only zeolite used in the examples 
of the adsorbent-catalysts of EP '098 is ZSM-5. Nothing is 
described in EP '098 concerning the expected results of using an 
H/beta-zeolite as the adsorbent of the adsorbent-catalyst. WO 
94/11623 discloses nothing concerning the use of any of the 
adsorbents described therein as the adsorbent of an adsorbent- 
catalyst as disclosed in EP '098 and thus provides no basis for 
predicting the results of using an H/beta-zeolite as the adsorbent 
of the adsorbent-catalyst of EP '098. 

Additionally, the properties of an exhaust gas when treated 
with an adsorbent in an in-line exhaust pipe cannot be reasonably 
predicted from the results of treating the exhaust gas with the 
adsorbent in a looped system as disclosed in WO 94/11623 in which 
the exhaust gas is subjected to heat exchange before or during the 
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time that the exhaust gas from the adsorbent zone is contacted with 
the catalyst in the second catalyst zone. 

Thus, the second requirement for supporting the 35 U.S.C. § 
103(a) rejection is also absent. 

For these reasons, EP 661,098, taken alone or in combination 
with WO 94/11623, cannot support a case of prima facie obviousness 
of the claims. 

Referring to the 35 U.S.C. § 103(a) rejection of claims 7-22 
and 26-28 over EP 602, 963 ("EP x 963") in view of WO 94/11623, this 
combination of references also fails to support a case of prima 
facie obviousness of the rejected claims for the same reasons as 
explained above relating to the rejection based on the combination 
of EP '098 and WO 94/11623. The requisite teaching, suggestion or 
motive to make the modification proposed by the Office is lacking. 
Also, the person of ordinary skill in the art could not have 
reasonably predicted the results of the modification proposed by 
the Office. In this regard, it is noted that EP '963 discloses 
that it is necessary to have an oxidizing gas feed means upstream 
of the adsorbent or adsorbent-catalyst. 

For these reasons, EP 602,963, taken alone or in combination 
with WO 94/11623, cannot support a case of prima facie obviousness 
of the claims. 
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Notwithstanding the insufficiencies of the prior art to 
support a prima facie case of obviousness of the claims of the 
application, the data of the declaration under 37 C.F.R. § 1.132 of 
Akira TAKAHASHI, submitted with the response filed April 21, 2003, 
to the Action of January 21, 2003, provides evidence of non- 
obviousness sufficient to overcome any prima facie obviousness. 
The data comparing the performance of an adsorbent in an in-line 
system show that the exhaust system of Examples 1-9 of the present 
invention in which a (5-zeolite having an SAR of 110-290 is used as 
an adsorbent provides unexpectedly superior results with respect to 
emission and purification ratio as compared to the exhaust system 
of Comparative Examples 1-7 in which a p-zeolite having an SAR of 
25 to 95 is used as an adsorbent. 

A notice of allowability of the claims of the application is 
believed to be in order and is respectfully solicited. 

The foregoing is believed to be a complete and proper response 
to the Office Action dated July 1, 2003, and is believed to place 
this application in condition for allowance. If, however, minor 
issues remain that can be resolved by means of a telephone 
interview, the Examiner is respectfully requested to contact the 
undersigned attorney at the telephone number indicated below. 
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In the event that this paper is not considered to be timely 
filed, applicants hereby petition for an appropriate extension of 
time. The fee for any such extension may be charged to our Deposit 
Account No. 111833. 

In the event any additional fees are required, please also 
charge our Deposit Account No. 111833. 


Atty. Case No. SEI-142-133 
The Farragut Building 
Suite 710 

900 17th Street, N.W. 
Washington, D.C. 20006 
Tel: (202) 887-9023 
Fax: (202) 887-9093 
RJK/cfm 

Attachments: SAE Technical Paper Series 970266, 980423 and 1999- 

01-1230 


Respectfully submitted, 
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ABSTRACT 

In order to meet the strict automobile emission 
rogulationa in the U.S.A. and Europe, new 
aftertreatment technologies such as the EHC and HC 
Adsorber have bean developed to reduce the cold 
stan emissions. I 

The EHC is obviously effective irj redueing 
emissions, but has the demerits of a large electric 
power flemand and a complicated power control 
system to support it (13). A by-pass type HC 
adsoroer system rias me concerns of unreliable by- 
pass valves and complicated plumbing (10J- A rnajor 
technical challenge of the in-ltns type HC adsorber 
was the difference between the HC desorption 
temperature and the light-off temperature of the bum- 
off catalyst 

This paper describes the evaluation results of a 
completely passive "In-line HC Adsorber System 11 
which can reduce the cold start emissions without the 
application of any type of mechanical or pneumatic 
control valve in the exhaust system. In summary, the 
NGK a ln-ltnc HC Adsorber System" has demonstrated 
a drastic reduction in FTP NMHC emission. 

INTRODUCTION 

NGK has challenged to develop a completely 
passive tt ln-(lne HC Adsorber System* without using 
any kinds of valves. 

Tne system consists of five components; first: light- 
off (L.O) catalyst, second: HC adsorber which has a 
small center nole (BZA « Barrei-Zeollte-Adsorber), 
third: bum-off (BO) catalyst, fourth: main converter 
(MC) and fifth: secondary air pump (2nfl. Air), as 
illustrated in figure 1. 


The basic operating concept of this "In-line HC 
Adsorber System" is as follows: 

1) During Tho Cold-Start Stage: 

- The LO catalyst is not active. 

• HC in the cold exhaust gas is adsorbed by the 
adsorber BZA. 

2) in The Transition Stage: 

• Secondary air assists activation of the LO 
catalyst and the reaction heat generated there is 
transferred to the BO catalyst directly through the 
center hole of the adsorber BZA. 

- The BZA warms up slowly due to its large heat 
mass. 

3) At Steady Stale Operating Conditions: 

- The BO catalyst which is already activated 
purifies the desorbed HC from the BZA with 
oxygen In the secondary air. 

- The MC catalyst purifies the residual HC. 

The "In-line HC Adsorber System" has demonstrated 
a drastic reduction in FTP NMHC emission to the level 
of 0-O49 g/mile when located in underfloor position on 
a 2.0 titer engine vehicle, even after severe engine 
aging equivalent to 50,000 miles. 

This paper also describes the simultaneous NOx 
reduction of the "In-line HC Adsorber System" by 
utilizing secondary air injection management. 


2nd. Air 2nd Aif 



Figure 1- Illustration of the "In-line HC Adsorber 
System" 
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EXPERIMENTAL PROCEDURE 

ACCELERATED ENGINE AGING TEST - Although 
the "In-line HC Adsorber System" was tested in the 
under-ffoar position on the vehicle, h *ras angina aged 
under a more severe conditions tor better reliability. 
The engine aging conditions are shown in table 1. 
This aging is equivalent to 50,000 miles in the exhaust 
manifold position (estimated by a Japanese 
automotive company). "In-line HC Adsorber System* 
samples were all aged as whole system illustrated in 
figure 1 . but on the other hand small test samples of 
25mm0 x SOmmL were simultaneously aged in a six- 
bed chamber during the accelerated thermal aging 
cycle. 

Table 1, Accelerated Engine Aging Conditions 
Equipment : 4. B Liter, VB Engine 
Gas Temperature : fl50°C at Inlet 
Aging Cycle : 60 Seconds Cruise Mode 
(A/F=14.4) and 5 Seconds Fuel 
. Cut Mode 
Duration : 100 Hours 
Aging Fuel : Japanese Domestic Fuel 
(Sulfur 3 0.01 wt%) 


ZEOLITE SCREENING - 

;jffi9 |ftfl Samples For our zeolite material 
evaluation, test samples A (large pore zeolite. 
SiO£/Al2Oa=U0), B {medium pore zeolite. 
SjOa/A»aO3=230) and C (large pore zeolite, 
SiOz/AKte=l 20) were prepared by washcoating with 
three kinds of pre-selected 2eolites onto cordierite 
ceramic substrates which had a 0.15 mm wall 
thickness and 62 cells per cm 2 ( 6 mil / 400 cpsi ), 
The sample dimensions were 25mm0X5OmmL 

(roxn). 

Laboratory Ads orption Test - The HC adsorption 
capacities of the test samples ware evaluated utilizing 
laboratory teat apparatua after the engine aging. The 
test apparatus can mix several kinds of source gases 
simulating the engine cold start exhaust gas, and lot 
the gas flow through the sample monitoring HC 
concentrations at inlet and outlet position of the 
sample. AftBr 300 second operation, total amount of 
adsorbed HC was calculated from the difference 
between the two HC concentrations. The detailed test 
conditions are shown In table 2. The adsorption test 
was repeated four times for one sample, with inlet gas 
temperature controlled at 60, 100 r 140 and 180°C 
respectively. 

Everytime HC adsorption was tested, the sample 
was calcined at 50O°C for the sake of complete HC 
desorption. Toluene was used as an adsorbate 
because it is one of the major species in the engine 


exhaust hydrocarbons. 

Table 2. Laboratory Adsorption Test Conditions 

Space Velocity : 40 ,000 per hour 

Simulated Gas HC (Toluene) 5,000 ppmC 

CO 2% 

COz 16% 

Ha 0.33% 

Oa— 0.77 % 

NO 1,500 ppm 

HsO 10% 

Na — — Balance 

(A/F=14.3) 

Inlet Gas Temperature: SO^C. 1Q0 o C, 140°C, 1B0°C 
Adsorption Period; 300 Seconds at each temperature 

HC ADSORBER SYSTEM DEVELOPMENT - 
gycfom Samelcs for FTP Tnst » The ComDOnertS of 

the adsorber system such as the light-oft catalyst (LO 
catalyst), barrel zeolite adsorber (BZA). burn-off 
catalyst (BO catalyst) and main converter (MC) were 
prepared by coating zeolite and/or catalyst on the 
cordierite ceramic substrates as described in table 3. 
Multiple "In-line HC Adsorber Systems' were 
constituted by combining one part of each major 
component. 


Table 3. Component Parameters of me "In-line MC 
adsorber system" 



LO 

BZA 

30 

MC 

Dimmsions: 





wall TTuctness [mm] 

0.10 

0.15. 0-25. 0.3 

0.10 

0.15 

GaflDcnQity [poJkiton*J 

85 

62.4B-5 

62 

62 


(0/600) 

t6fflKLKVSO0.12/SOO1 

(47400) 
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93 
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93 
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OJlO-2.23 

0,0 

1.7 

Cantor Halo DLo.[mm01 


2S.40 



Gaetya: 





PU Camponwrt 


Pa * ZaoUift-A 


PtfRh 


7JI7/D.12 

Ptt4,24 

4.24 


to* 3 ) 


(120] 

{1201 

(31*3,7) 


4.200.49 










FTP Test on a MY88 2.Q Liter Vehicle - After the 
aging at 850°C for 100 hours with a fuel cut mode, the 
"In-line HC Adsorber System" sample was installed in 
the under-floor position on a MY86 Japanese *Camry* 
(Z.o liter. L4 engine). FTP emission tests were 
conducted with Japanese domestic fuel (Sulfur £ 
0.01 wt%). The test configuration is illustrated in 
figure 2. Secondary afr was ordinarily injected into the 
exhaust pipe just after the Os sensor (position ®: 
downstream of the manifold), but was supplied from 

position ® and ® In the case of NGx reduction tests. 
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The amount of secondary air and its injection period 
were designed for each FTP test and are described in 
the test results section. For convenience of analyzing 
the FTP test results, Bag-1 was divided into two bags, 
8ag-ia and Bag-lb. Bag-la's HC emission was a 
good barometer for understanding the capability of 
the HC adsorber system because its 0-140 second 
period corresponds to the critical cold start period of 
the engine. 

O a Sensor 

- Adsofbcr flZA 


ROOmm'* 
DUplax lube 



2ftfl. Air® 


Figure 2. Illustration of FTP Test Configuration on 
MY88°Camn/ 


a Sensor 



2nd Air® 

A(XSflrt*reZA Main cort«e*t9f 

\ LO caiaJysr | BQcatalysi 


ana Air® 

Figure 3. Illustration of FTP Test Configuration on 
MY95 "LeSabrer 

FTP Test on a MY95 3.8 Liter Vehicle: - After agfng 

at B50*C for 100 hours with a fuel cut mode, the "in- 
line HC Actsomer System" was Installed in me urmer- 
floor position on a MY9S Buick "LeSabre" (3.8 liter, V6 
engine). FTP emission tests were then carried out 
with Japanese domestic fuel. The FTP test 
configuration is illustrated in figure 3. Secondary air 
was injected in the same manner as in the "Camry* 
test case. 


TEST RESULTS 

ZEOLITE ADSORPTION TEST RESULTS - The 
toluene adsorption into large pore zeolrte-A, medium 
pore zeolrte-8 and large pore zaolito-C 


(S102/AI203=110 ( 230 and 120 respectively) after the 
engine aging at 750°C and 850 D C were determined at 
four inlet gas temperatures. Figure 4 compares the 
adsorption capabilities and thermal stability of the 
various 2eolite. materials. Zeolrte-A after 750°C aging 
showed better adsorption capability than Zeolite-B 
and c. The amount of toluene adsorbed by Zeelite-A 
decreased to an equivalent level as Zeollte»B after 
B£0 o C aging. Zeofit&-A then was selected for further 
system development 



100 ISO 200 

Inlet Gaa T«mp»raium (C) 

Figure 4, Toluene Adsorption Capability of Zeofrte 
Materials 

FTP TEST RESULTS ON A MY8B 2.0 LITER 
VEHICLE - 

Evaluation Of the svstam concept - The HC 
adsorbed In the BZA Is released around 150*C. and 
the BO catalyst which purifies the desorbed HC 
generally lights off around 300°C, after 860°C aging. 
In order to bum off the rJesorbed HC, it is necessary 
to compensate this Temperature difference by the 
structural design of the system. Therefore, a 40 rnm0 
canter hole was formed in the adsorber BZA to 
transfer the reaction heat from the LO catalyst to the 
80 catalyst for quick warm up. The LO catalyst was 
located upstream of the adsorber BZA so that it could 
Hghi-oft quickly, generate reaction neat and prevent 
the BZA from coking. Using the aforementioned 
system configuration, FTP tests were carried out to 
confirm the effectiveness of this system concept 
Figure 5 shows the temperature profiles at the BZA 
outlet and BO catalyst inlet When the temperature at 
the center of the BZA outlet fJ1) reached 15a c C, the 
temperature at the centBr of the BO catalyst inlet (T3) 
was 400°C, and when the peripheral portion of the 
BZA outlet (J2) was 150°C. thB peripheral of the BO 
catalyst inlet (T4) was 340°C. From this data, it was 
concluded that the BO catalyst could light of* bafora 

the HC desorption from the BZA, resolving the 
reversed temperature difference issue. HC emission 
profiles of the feed gas, the tail-pipe gas and the gas 
after LO catalyst were traced and are shown in figure 
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6- The HC emission In the feed gas could not bs 
converted by the LO catalyst during the first 70 
seconds after engine cold start. From ine comparison 
of the HC emission profiles between after LO catalyst 
and tail-pipe, it was observed mat oniy 40% of trie HC 
emission was adsorbed In the BZA with the 4Omrn0 
center hole, the remaining 60% flowed Through the 
center hole without any treatment in the earty stage 
cold start. Therefore, higher HC adsorption, in other 
words, more restriction of the flow-through gss was 
needed to further decrease HC emissions, while 

maintaining the resolved temperature difference. 


Table 4. FTP Test Results (1) 



BZA CemerTl 

' \ aZA Pedtfwral T2 

i i t 


0 20 40 60 80 100 120 1« 160 180 2» 
FTP Time (see) 

Figure 5. Temperature Profiles of BZA-outlet and 
BO-inlet 


6000 


2Q0Q 


40 60 80 


120 


Figure 6- HC Emission Profiles at Various Points in 
The Exhaust System (1) 

frtfHrttan of HC emission - To enhance the HC 
adsorption in the BZA without sacrifice of the resolved 
temperature difference, different center hole 
diameters, various cell structures of suosiraies and 
different lengths of BZA ware examined. The FTP 
test results with those sample systems are 
summarized in table 4. 




in-Une hc 

Adsortwr SySfi 

ma 


CEM 

RUN-1 

3UN-2 


RUH4 

RLfM-6 


Catalyst 





hza career HotaD-A 


40mm 

CEiiBfi 

26mm 

2Ewm 

25mm 



6/400 

a/400 

6/400 

10/300 

12300 

bza uangm 



lOOmro 


160mm 

160mm 

HC Bag-la 


11 es a 


o.mgq 

0.7Wg 

0-TTOg 

EmlEscn Bag-1 

0.590 

0.364 


0.2B1 

0£2fl 

0-24S 

(OiVnGe) Total HC 

0.204 

0.083 

0.077 

0.078 

0.066 

0.071 

NMHC 


0.075 

0.Q5B 

0,081 

QJQ49 

OXSA 

CO Emission (g/mfe) 

3.S74 

1.324 

2.067 

1.96Z 

\JS22 

1.S03 

NOx ErofcsiOT (g/toBs) 

0.1 9B 

0344 

0.437 

0-331 

0,429 

0.4SS 


in manifold position 
« LO Catalyst : 0.6 liter. Pd/Rhc7.O7/0,l2 g/i, 
BO Catalyst ; 0.6 liter, Pd-only=4-24 gfl 
Secondary Air Injection : 120 l/rnln_, 0-200 
sec.(RUN-"l:>1QO secj, at position ® 

1) Center Hole Diameter As the first step, the 
corner note diameter on mo BZA was roducod from 
40mm to 25mm to restrict the flow-through HC 

emisslon. 

The HC emission profiles of the sample systems 
with different center hole diameters are shown in 
figure 7. 



4fl 60 60 

FTP Time (sec) 


100 120 


Figure 7, Effect of BZA Center Hole Diameter on 
Tailpipe HC 

The system wltn smaller center hole adsorbed 
more HC emission than that In the case of the 
system with larger center hole, reducing the Bag- 
1 a HC emission by 1 8% from 1 .1 69g to 0,950g and 
total HC emission by 17% Trom Q-093 c/mile to 
0.077 g/mila, these benefits were achieved 
although warming up of the BO catalyst penpheral 
(T6) was delayed 10 seconds or so (Figure 8). 
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Unfortunately, warm-up of me BZA outlet was 
faster with the smaller canter hofe system because 
more of the hot gas was diverted into the BZA. 
This resulted In earlier HC desorption and hfgher 
HC concentration during the 60-100 second period 
compared to the larger center hole system (Figure 
9). Therefore, an increase In the BZA length was 
examined next to delay the HC desorption. 


coco 


«■ Z5mm f 


Canter T5 


B00 


'3 

3 ooo 

o 
m 
s 

f 400 


2CO 


0 20 40 60 BO 100 12Q 140 100 160 200 
FTP Time (see) 

Figure a. Inlet Bed Temperature Profiles of BO 
Catalyst 


BOO 



- 25mm f Hnim &ZA __i — »J S : l j — if" I 
" « Mtoxti 1 Hofe SZA. i_T j [ t__j| f~ 



Figure 9. Outlet Bed Temperature Profiles of 
Adsorber BZA 

2) Adsorber BZA Length — The tailpipe HC emission 
profiles of the systems witn BZAs of 100mm and 
150mm length are compared in figure 10. 
Although HC desorption from The BZA was 
delayed as its length was increased, the total HC 
emission could not be improved. A possible 
reason was that the HC desorption was not 
delayed long enough to match with the activation 
time of BO catalyst So. in addition to increasing 
the BZA length, the heat capacity of the BZA was , 
increased naxt by changing irs cefl structure from 
6mi|/40Ocpsi to 10 or 12/300 to delay the HC 
desorption further. 


5000 


after LO caraiysi 



Teflpipe 


80 TOD 120 
FTP Tlma (sac) 


160 200 


Figure 10. Eltect of Adsorber BZA Length on TaJIpfpa 
HC 

3) Cell Structure of BZA Substrate — Figure 11 
shows the tailpipe HC emission profiles of various 
BZA cell structures. The heat capacity increase of 
the BZA substrate by changing its cell structure 
(6/400—10 or 12 mil/300 cpsi) together with the 
increased length (100— 160mm) had the desired 
effect of delaying the HC desorption. Furthermore, 
the HC amount adsorbed In the BZA was 
increased by using the heavier ceil structures, 
leading to lower tailpipe HC emission. 



Figure 11. Effect of Coll Structure of Adsorber BZA 
Substrate 

4) Interim Summary — By using the BZA with the 
25mm0 center hole, 150mm length and 10/300 
cell structure, the "ln-Line HC Adsorber System" 
could reduce FTP NMHC emission to the level of 
0.049 g/milB. To examine the function of each 
system component, HC concentrations wore 
traced after the LO catalyst and the adsorber BZA, 
as well as at the tniet-pjpe (feed gas] and tail-pipe 
(Reference figure 12). A major portion of the 
untreated HC which passed through the LO 
catalyst during the initial £0 seconds after engine 
cold start was adsorbed tn the BZA. Most of the 
desorbed HC from the BZA was converted by the 
BO catalyst during the 90-200 second period after 
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cold start However, as shown in the table 4, the 
NOk emission level was extremely high compared 
to the ULEV standard (NOx £ 0.2). Therefore, for 
NOx reduction, secondary air Injection 
management was studied nexL 


Tables. FTP Test Results (2) 



60 SO IOC 120 140 160 ISO 200 
FTPTUfle (.we) 

Figure 12- HC Concentration Profiles at Various 
Points in The Exhaust System (2) 

E r u ption of M O* Emissions - The secondary air 
Injection management was examined to enhance NOx 
reduction without sacrificing the gains obtained in HC 
emission reduction, Figure 13 Illustrates the 
secondary air injection procedures, In test RUN-6 and 
7, air infection was switched from point ® to ® after 
100 seconds from the engine cold start as illustrated 
in figure 13 when Oz sensor started to control A/F, 
and was stopped after 220 seconds when a significant 
portion of the desorbed HC from the B2A was 
converted, bo that the Rh on the LO catalyst could 
reduce the NOx being released from the lean 
condition. Tabto S shows the FTP test results with the 
various air injection management schemes. With air 
injection management, NOx amissions could be 
reduced to Q.34g/mlle in RUN-6 and 0.234g/mile in 
RUN-7. The RUN-7 system used double LO volume 
of the RUN-6 system. 
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in manJold position 
— Adsorber BZA : 1 1 8mm0/2Smm0 X iSOmmL. 

1O/30O Call, Pd:4.24g/l+2aolite-A coated 
— BO Catalyst : 0.6 liter, Pd-cnly-4.24g/? 

FTP TEST RESULTS ON A MY95 3.8 LITER 
VEHICLE - The same °fn-Bne Adsorber System" as 
used In RUN-7 on the Toyota "Camry" was tested on 
a Bulck "LeSabre*. which has a larger engine 
displacement (3.8 liter vs. 2.0 liter). Figure 14 
illustrates the air injection procedure for this test 
vehicle. In the case of the "LeSabre", air injection was 
switched from point ® to ® after 70 seconds from 
engine cold start because the A/F control on tha 
-LeSabre" had started a little earlier than on the 
Xamry*. This was due to the Buick's HEGO sensor. 
two FTP toct results are summarizad in table 6- 
Although the "LeSabre" emits more feed gas HC and, 
what is worse, warms up tha adsorber BZA faster than 
the "Camr/ due to its large engine displacement, the 
NMHC emission could be reduced to 0OS2g/mile. 
almost the same low amission level as obtained on 
the "Camry 3 ', with good NOx of 0.lfi2g/mile In RUN-8. 
Moreover, when the longer length BZA was applied to 
the system to address the higher V6 engine exhaust 
flow, NMHC emission was further reduced to 
0.04-9g/miIe With O.ZOOg/mlle of NOx omiaaion as 
shown in the RUN-9 data, m the same manner as 
the case of "Camry", HC concentraxionG in me RUN-e 
were traced after the LO catalyst (for the Initial 60 
seconds) and the adsorber BZA (after 60 second) as 
well as at the jnlatplpe and tailpipe (Reference figure 

15). 

it was confirmed again that each system component 
functioned well. A major portion of untreated HC was 
adsorbed in ths BZA durlno the initial 35 seconds, and 
most of the desorbed HC from the BZA was converted 
by the BO catalyst during the 190-300 second period 
after cold start. 


Figure 13. Secondary Air injection Procedures (1) 
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Figure 14. Secondary Air Injootion Procedures (2) 


Table 6. FTP Test Results (3) 
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SUMMARY AND CONCLUSIONS 

1) The *ln-fine HC Adsorber System" which consists 
of LO Catalyst + Adsorber BZA with a center hole 
4 BO Catalyst + Main Converter and secondary air 
injection management showed the capability of 
resolving the reversed temperature difference 
between the HC desorptlon temperature from BZA 
and the light-off temperature of 30 catalyst without 
the use of flow control valves or sir curtains. 

2) Thin completely peeaivo "In-Lina HC Adsorber 

System" demonstrated a drastic reduction in FTP 

NMKC omission to the level of o.o4£g/mlle when 
located in under-floor position on a 2.0 liter 
Japanese car and a 3.8 Dter American cor with 
Japanese domestic fuel even after severe engine 
aging equivalent to 50,000 mil66 In the exhaust 
manifold. In the case of the 3.8 liter American car r 
0.049g/mile NMHC emission corresponded to 
97-2% reduction from the feed gas level. 

3) Through an air injection management system 
which could benefit the Rh catalyst on the LO 
converter. NOx was reduced to the ULEV level. 

4) Duration of the after-treatment by adsorber system 
should be shortened as much as possible. With 
this "tn-Une HC Adsorber System", It was within 
300 seconds on a 3.8 liter American ear 

5) The *ln-Une HC Adsorber System - described here 
met LEV regulation even with Japanese domestic 
fuel without oxygenate, and is expected to be a 
potential technology for clearing ULEV standard 
when it is operated with a clean fuel such as 
Phase-2 gasoline. 

We could have the good initial results as 
summarized above, but have many rnoro 
questions to address. What further studies does 
MGK have planned : 

- FTP test on a latest cleaner car with the phase-2 
gasoline to confirm the capability of meeting the 
ULEV standard. 

- 100,000 miles durability test 

- Backpressure penalty check. 

- Adsorption capacity study for multi cold-start 
capabffity. 

- OBD-2 countarmeasure, and so on. 


Figure 15. HC Concentration Profiles at Various 
Points in The Exhaust System (3) 
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ABSTRACT 

The in-line hydrocarbon (HC) adsorber is a passive 
aftertreatmenl technology to address cold-start 
hydrocarbons in automotive engine exhaust gas. A 
major technical challenge of the In-fine HC adsorber is the 
difference between the HC release temperature of the 
adsorber and the light-off temperature of the bum-off (BO) 
Catalyst We call this phenomenon the "reversed- 
temperature difference'. 

To reduce the reversed temperature difference, NGK has 
proposed a new "In-line HC Adsorber System" which 
consists ol light-off (LO) Catalyst, Barrel Zeolite Adsorber 
(BZA) with a hole through the center, BO Catalyst and 
secondary air injection management (SAE 970266). 

This, our tales: paper, describes the evaluation of various 
adsorbents and the effect of tfiB center hole on the 
Adsorber BZA. 

The adsorber system, which had the Adsorber BZA with a 
25mm $ center hole and adsorbent coated, confirmed 
30% lower FTP NMHC emission versus a system with no 
center hole or adsorbent coating. These two systems had 
bean RAT-A engine aged to an equivalent to 50,000 miles, 
and tested in the under-floor position on a vehicle equiped 
with a 3.8 liter engine. Further, adsorption and desorption 
performance of the adsorber BZAs and heat up rates of the 
60 Catalysts with different BZA center hole diameters are 
also discussed. 

This In-fine HC Adsorber System could be one of the 
potential technologies to meet LEV/ULEV and Staoe- 
a/Stage-4 regulations, without suffering from thermal 
deterioration of the close-coupled catalyst in the manifold 
area. 

INTRODUCTION 

NGK has proposed the following "In-line HC Adsorber 
System" in our previous paper (SAE 070266) in order to 
reduce the reversed temperature difference between the 

WC docorption tomparatura (around 150'C) and the fight- 

off temperature of bum-off catalyst (above 300"C). This 
is the most critical issue for inline type adsorber systems. 
The In-fine Adsorber System consists of four components 
in series : first light-off (LO) catalyst; second: HC 
adsorber which has a small center hole (BZA c Barrel- 
Zeolite-Adsorber); third: bum-off (BO) catalyst: fourth: 
secondary air pump (2nd. Air), as illustrated in Figure 1 . 


The basic operating concept of the In-fine HC Adsorber 
System is as follows: 

(1) During The Cold Start Stage: 

* The LO catalyst is not active. 

- HC in the cold exhaust gas is adsorbed by the 
adsorber BZA. 

(2) In The Transition Stage; 

* Secondary air assists activation of the LO catalyst and 
the reaction heat generated there is transferred to the 
BO catalyst directly through the center hole of the 
adsorber BZA. 

* The BZA warms up slowly due to its large heat mass, 

(3) At Steady Stats Operating Conditions: 

- The BO catalyst which is already activated purifies the 
desorbed HC from the BZA with oxygen in the 
secondary air. 

Our previous paper* #970266. involved the evaluation of 
A) three 2aolfte materials, B) various configurations of the 
BZA including different outer diameters, lengths, substrate 
wall thickness & cell densities, center hole diameters, and 
C) secondary air strategies. 

This paper is an update of our detailed study on the 
effects of the adsorbent and center hole on the adsorber 
BZA In the NGK In-line HC Adsorber System. 
Furthermore, the optimum center hole diameter for the new 
test vehicle, a MYS7 Buick "LeSabre 11 (3.8 liter, V6 engine), 
is also discussed from the viewpoint of HC adsorption 
efficiency and desorbed HC conversion efficiency. 
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Figure V Illustration of the 'In-line HC Adsorber Systerr 
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EXPERIMENTAL PROCEDURE 

LABORATORY ZEOLITE AGING TEST 
A large pore size zeolite, Zeolite-A, as described in our 
previous paper SAE 870266, showed high toluene 
adsorption capability, tn order to evaluate the influence 
of SlOslAhOz ratio on the thermal stability of Zedite-A, two 
different SiOj/AI 2 0 3 ratio zeolites, Zaolite-Al 
(SiOja/AlzCWO) and Zeolhe-A2 (StOa/AfeO^O), were 
examined. The zeaitte powder was aged at an elevated 
temperature for 4 hours in the atmosphere of I0vof% H*0. 
fivol% CO* lvot% 0?, and 81 vol% N 2 . The specific 
surface area of the powder was measured by the BET N 2 
adsorption method (P/Po=0,3). 

TaWo 1 - Component Panunotoro af the In Jin* HC fli ttn i tiftf System 


SYSTEM SAMPLES 

The components of the adsorber system, such as the light- 
off catalyst (LO catalyst), barrel zeolite adsorber (BZA) and 
num-cff catalyst (BO catalyst), wore prepared by ooating 
zeolite and/or catalyst on the conJIarita ceramic substrates 
as described in Table V Multiple In-Jine HC Adsorber 
Systems were constituted by holding the LO & BO 
components fixed and changing adsorber BZA parameters. 
A '97 California TLEV OEM catalytic converter (California 
emission), which consisted of three bricks (first: Pd only, 
O.a liter second: Pt/Rh, 0.7 liter third: Pt/Rh, 1-3 liter), was 
also useo as the baseline, 




. Major Components 



LO 

BZA 

BO 

Dimensions: 
Wad Thickness 
Cell Density 

[mm] 
[cells/cm 3 ] 
(mil/cpsi) 

Q.1 
62 
(4/400) 

0.3 
46.5 
(12/300) 

0.1 
62 
(4/400) 

Substrate: 
Diameter 

Volume 

Center Hole Dia- 

[mm <p ] 
(Inch 1) 
[liter] 
[mm I] 

106 
(4.16) 
1,2 

118 

(4.66) 
1.S 

0, 25, 32, 40 

93 
(3.66) 
0.6X2pc£ 

Coating: 
Zeolite 

Zeolite Loading 

fe/liter) 


Zediia-A2 None-Zeo. 
120 0 
t ♦ 


Catalyst 
PM Loading 

lamer] 
to* 3 ) 

Pd/Rh 

7-07/0.25 
(200V7) 

Pd Pd 

434 4.24 
(120) (120) 

Pd ♦ Pt/Rh 
7.07 1.18/0-24 
(200) (33.3/6-7) 


ACCELERATED ENGINE AGING TEST 
In-line HC Adsorber Systems and the OEM converter were 
dyno aged using the RAT-A cycle (rapid aging test) which 
was described in SAE paper 940742. For the test 
vehicle with a 3.8 liter-V6 engine, 30 hours of aging was 

TaMe 2. RAt-A Aglhg Cy4e opacifications 


regarded as equivalent to 50,000 vehicle miles. The 
details of the RAT-A cycle are snown In Table 2, ' During 
the aging, the maximum inlet bed temperature of the LO 
catalyst was around 950t . 


Segment 

Engine Operation 

Duration (seconds) 

V 

Stoichiometry 

40 

2 

Fuel-Rich 

6 

3 

Fuel-Rich with Air injection 

10 

4 

Stoichiomeiiy with Air Injection 

4 


' Inlet gas snould be aei ai 60Q±io*C 
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FTP TEST-After 50,000 mile equivalent dyno aging, the 
In-line HC Adsorber System was installed in the under*floor 
position on a MY97 Buick LeSabre (3.3 liter. V6 engine). 
FTP emission tests ware then carried out with Phase II 
fuel. The FTP test configuration is illustrated in Figure 2. 
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Etght different In-line HC Adsorber Systems were tested 
to investigate the following items: 

1) Adsorbent evaluation (comparison between with and 
without zeolite) and center hole evaluation (comparison 
between with and without center hole) 

2) Optimum Adsorber BZA center hole diameter on 
Adsorber BZA lor the test vehicle 

3) Advantage over tha MY97 Buick LeSabre production 
exhaust system (California TLEV OEM catalytic 
converter) 

In aft FTP taats, secondary air waa injected tor the initial 
220 seconds of cdd start at a rate of 60L/mtn. However, 
the air injection position waa switched from® to® as soon 
as the LO catalyst was activated. The secondary air 
management allowed the Rh coated on the LO catalyst to 
reduce NOx being released from the lean condition. 


Tsbte3. Secondary Air Management 
Time Position Purpose 

f>70 sec @:Downstrearn ol the manifold To assist LO catalyst activation 

70-221 sec ®: Between LO catalyst and Adsorber BZA To supply Oxygen for burning off the deserted HC 


TEST RESULTS 

2EOUTE AGING TEST RESULTS 

Figure 3 comperes the specific 6Urfaca areas of Zeolite- A 1 
{SrOjfAl^JQ) and Zeolite-A2 (SDJAl&l=Z?Q) after 
aging ai each temperature. Specific surface areas of both 
Zsb(ttd-A1 and Zeofite»A2 decreased with the aging 
temperature Increase. Decrease of speoifio surface area is 
caused by the degradation of zeoJite pore structure, which 

loads to tha doensaes of HC adsorption capacity. Ae a 

resufL the Zeolite-A2 with higher SiO^Ab0 3 ratio provided 
greater thermal stability. Therefore, it was selected for 
further system development 
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Figure 3. Thermal Stability Improvement of Zeolfte-A 


FTP TEST RESULTS 

FTP lest results including those of the Wank system (LO 
catalyst + 50 catalyst only) and the OEM converter are 
listed in Table 4. 
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Table 4. FTP £m(sakm RoflulB 



Hde an AdsortwrSZA 

NohtoJa 

25 mm 0 

32mm f 

40mm f 

Blank' 

(OHM corwP 




Bag i 

1.£04 

0.866 

1.112 

1.142 


/ 



HC 

THC 

O.G79 

0-061 

OJ37S 

0.079 


/ 



NMHC 

aQ65 

0.047 

0,Q€1 

0.063 


/ 


(W zao) 


NOl 

0.19 


0.19 

0.24 


/ 


CO 

1.02 

asfi 

0.96 

0.S3 






Bafll 

1.230 

1^01 

1.423 

1.3*7 

1.534 

. 1.436 



HC 

THC 

0JJ32 

0077 

0.082 

0.091 

0.104 

0.093 


Pdcaia 
only 

NMHC 

0.067 

0.063 

0.078 

0.075 

0.085 

0.079 



MO* 

as 

0.Z7 

0.21 

0.23 

0,26 

0.31 



CO 

0.39 

as7 

1*16 

OS5 

1.26 

1.05 


LO catalyst + (vacant can) + BO catalyst 

Secondary air was supplied in the same manner as other testa. 

OEM converter only _ 

Secondary air was injected only from position® throughout initial 220 seconds- 


1 ) Adsorbent effect and center hole effect 

Bag 1 represents the HC reduction performance of the In- 
tino HC Adsorber System during the cold start ohase. 

All the adsorter systems with the zeolite-coated BZA 
showed tower HC amissions than systems with na zeolite 
coating on the BZA. This was true for all different center 
halo cflametam. Therefore, the zeolite 'adsorbent effect* in 
reducing cold start HC emission was confirmed This 
means that the Zeoiite-A2 could adsorb unbumed HC even 
after the 50,000 mile accelerated engine aging. Also, a 
portion of the das orbed HC from the Zeolite-A2 could be 
purified by the BO catalyst 

For zeolite coated adsorber systems, all systems with the 
bote In the BZA demonstrated lower Bag 1 emissions than 
thai of the system with a 'hole-less* BZA. Therefore, this 
proved the hole in the BZA reduced cold start HC 
emissions. 

On the other hand, in the case of no-zeollte adsorber 
systems, though they were no longer adsorber systems, 
the center holes offered no particular advantage In 
reducing cold start HC emission. This means that the 
benefits of the BZA "center hole * is peculiar to Ihe zeolite- 
coaled adsorber system. 

Furthermore, in the case of 'no-hole - adsorber systems, 
there was wary fittfa HC emission difference between the 
systems with and without zeolite coatings. These results 
indfeats the BZA with zeolite released HC before the 
following catalyst became active. 

As a result, our conclusion was that both adsorbent and 
center hole on the BZA could work synargisticaliy to reduce 
the cold start HC emission effectively. 


2) Optimum center hole diameter 
In general, the performance of HC adsorber system 
depends on the following two factors: 

2-1 ) HC adsorption efficiency 

2-2) Conversion efficiency of the desorbed HC 

Those two factors arts greatly influenced by the BZA hole 
diameter in the case of the NGK In-line HC Adsorber 
System. 

Naturally, a larger center hole in the adsorber BZA leads 
to not only less *HC adsorption", a disadvantage, but also 
higher "desorbed HC conversion', an advantage. The 
advantage results from higher exhaust gas & heal flow 
through the canter hole and faster warm-up of the BO 
catatyoi. On the contrary, a smaller center hole in the 
Adsorber BZA causes greater HC adsorption as well as 
lower desorbed HC conversion. There is a 'trade-off 
between "HC adsorption efficiency* and "desorbed HC 
con vera ion efficiency*. 

The FTP last results in Table 4 of "with- hole* BZAS 
revealed that the adsorber system with a 25rnm $ hole 
gave the best Bag 1 HC emissions. 

To understand this trade-off, wo have studied the reason 
why Bag 1 HC emissions decrease in the order of 
decreasing hole sizes In BZA: no hole— 40mm 32mm 

^-*25mm $ on BZA. 

2-1 ) HC adsorption efficiency. 
Figures 4A-4D show the tailpipe HC concentration profiles 
of both zeolite coated and no-zeolite adsorber systems for 
each center hole diameter on BZA. 
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The HC concentration cftfarerca between the with and 
rthouf zadftfi systems in the early stages of odd start 
defines the HC adsoipfen. Thflrsforo, wo defined the 
HC amission dffierence between with And without zeofito 
eyetdfne iar the jnfcfcd 4E seconds as 'HC adsorption (9/0 
4Ssec)"- 

KC o dflO fp tlans tor the systems wfth each cantor hole 
diameter are summarized op Table 5. The trend that the 
HC adsorption was decreased as the hole in BZA grew 
was«BSSorubia.andto40mm j> center hole an BZA was 
found to lose HC adsorption considerably. 


TdbfeS. "HCAdsopior)' 




2fimm ^ 





40mm f 

HCAdnpdoo 

fVVl 




CU4 



2-2) Conversion efficiency of dasorbed HC: 

First of all. we checked whether the larger center hole in 
the BZA could toad to tha faster test up of the BO catalyst 

Ftgures 5A - 50 show temperature profiles monitored at 
both adsorber outlet (center : T T , periphery : T s ) and BO 
catalyst inlet (center : T& periphery : T<) for each hole 
diameter. It was confirmed thai healing up of the BO 
catalyst (particularly tfve periphery) was promoted as the 
center hole diameter on the BZA was increased. 

The targe cancer hole In the BZA was found to have a 
sutKrffaci of delaying the HC dasotpuon from- me BZA. 
This was because the larger hois In the BZA allowed more 
exhaust pas flow through trie comer hole, resutdng in less 
gas Ibw in the peripheral portion of the BZA, reducing its 
wam>up rate & delaying "desorption" The slower HC 
descrptbn is preferable for the BO catalyst to have more 
time to warm up. 
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Figure 5. Temperature Profiias at Adsorber Outtei and BO Camlysi Inlet 


The time when the outlet of the BZA reached 150TC, 
which is ordinarily regarded as HC oesorprJon 
temperature, and ithe corresponding inlet bed 
temperature of the BO catalyst were summarized in 


Table S. In summary, the larger center hole in the BZA 
was advantageous over the smaller one for qurckar 
heat up of the BO catalyst, especially at the peripheral 
portion before the HC desorption from the BZA. 


TaUe 6. irriet bed tempefatures of tho BO Camlysi when outlet bed temperature of tha Adaatber B2a reached 150*0 
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Next, deserted HC conversion efficiency was examined. 

Figures 6A - 60 show HC concentration profiles 
mcrutored at the following three posiiions: pre-Adsorber 
BZA. post-Adsorber BZA and tailpipe. 

In any cases, unbumed HQs in the feed gas were 
adsorbed into The adsorber far the initial 40-50 seconds of 
cold start. 

When the HC concentration monitored at the post- 
adsorber position gees higher than that at the p re-adsorber 
position, the difference between them is 'dssorbed HC.lt 
was confirmed that the larger center hole tended to 


increase delay of the HC desorption. It was also 
confirmed that a substantial amount of the adsorbed HC 
was desorbed when the outlet bed of the adsorber reached 

15tft. 

On the other hand, the HC concentration difference 
botwaen the post-adsorber and tailpipe indicates the 
converted HC by the BO catalyst Again, it was 
confirmed that the larger center hole on the B2A, which 
allowed the BO catalyst to heat up mors rapidly, led to a 
higher HC conversion. 
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Figure 6. NC Ccncanoa&on Profiles at Each Position 
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Table 7 proves the above-mentioned trend with modal 
mass data. Hare, the desorbed HC conversion 
efficiency was given by dividing the amount of HC 
converted by the BO catalyst by the amount of HC 
desorbed from the BZA. This trend is reasonable when 
referring to the temperature and HC concentration profiles. 

TaDte 7 also clarified that in the case of the no-hole 
adsorber system, very little of the desorbed HC could be 
converted by the SO catalyst And also, there was no 

additional improvement in the desorbed HC conversion 
efficiency of the 4omm ^ hole aosoroer systBm compared 
to that of the 32mm ^ hole adsorber system. 


Table 7. Desert** HC Conversion Efficiency by BO CamJyst 


92a Cennsf Hole 

| NoHde 

25mm $ 

2mTi 4 

40mm £ 

DwortwJMC 
Canvorsbn EnTdoncy (To) 

5.7 

403 

59.7 

59.9 


As the result of the trade-off relationship between the HC 
adsorption efficiency and the desorbed HC conversion 
efficiency in regard to the BZA center hole diameter, it was 
concluded that the center hole diameter of 25mm 4 was 
wen-balanced to provide the lowest HC emission among 
the tested sample systems on this vehicle. 

However, 25mm ^ will not always be the best hole 
diameter for every engine platform, because bath HC 
adsorption efficiency and desorbed HC conversion 
efficiency greatly deoend on the total flow gas volume and 
its temperature and on the gas flow ratio between the 
center hole and the peripheral adsorber portion. 

Therefore, it is essential to optimize the adsorber system 
including the canter hole diameter for each different engine 
platform for the lowest emissions. 

3} Advantage over the MY97 Buick LeSabre exhaust 
system. 

HC emission of the MY87 Buick LeSabre equipped with a 
California TLEV OEM catalytic convenor which was engine 
aged to 50,000 miles equivalent was compared with the In- 
line HC Adsorber Systems in Tabta 4. 

Secondary air was also supplied to the OEM converter 
during the PTP teste under the came condition as in the 
cases of the adsorber systems. However, in all cases 
with the In-llna HC Adsorber Systems, even with the no- 
hole adsorber system, the HC emissions were lower than 
that in the case with the OEM converter. Particularly, the 
In-line HC Adsorber System with the 25mm j> BZA 
demonstrated 40% lower NMHC emission compared with 
the emission with the OEM catalytic convener. 

SUMMARY 

- NGK In-line HC Adsorber System with a center hole on 
the zeolite coated BZA provided lower HC emission 
than that of the system A) with a center hole on the BZA 
and no- zeolite coating, and B) a system without a center 
hole in the zeolite coated B2A, when installed in under* 
floor position on MY97 SufcK LeSabre (3.B liter, V5 
engine). The benefits of the zeolite coating and center 
hole on The Adsorber BZA were confirmed. 


■ In terms of the center hole size on the adsorber BZA. a 
25mm ^ -hole provided well-balanced performance in 
reducing of HC emissions considering the trade-off 
relationship between HC adsorption efficiency and 
desorbed HC conversion efficiency on a MY97 Buick 
LeSabre. The "optimum". 50,000 mile aged In-line 
HC AdsorDer System had FTP by NMHC emissions of 
O.CWg/mite, but exceeds ULEV which are our 
development goals. 

- NGK In-line HC Adsorber System with 25mm f center 
hole on the adsorber BZA reduced NMHC emissions 
40% below the baseline, California TLEV OEM 
Converter for the MY97 Buick LeSabre. 

FUTURE STUDIES 

We experienced relatively high emission tevels in this test 
round at SwRI. due to an engine control system problem 
on the test vehide. However, we believe that the data 
From these tests can be used to rank the performance of 
the sample adsorbers. 

Therefore, our next step wOf be to check the real absolute 
FTP emission level of the optimized In-line HC Adsorber 
System for the MY97 LeSabre, when the engine control 
system is corrected. 

The future studies we will conduct are: 

- NOx reduction by limiting the secondary air injection 

- Adsorption capacity study for muiti cold-start capability 

- Backpressure penalty check 

- isostatfc strength check of the center holed ceramic 
honeycomb 

- OBD-2 cauntermeasure 
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ABSTRACT 

The in-line hydrocarbon(HC) adsoiber is one type of 
passiva after-treatment technology which can reduco the 
cold start hydrocarbon from automobile engine exhaust gas. 
However, major technical ieeues to be resolved for practical 
use of this system are 1)the temperature difference between 
HC desorption from the adsorbent and ectvaiioh of the 
catalyst to bum-off Una desorbed HCs and 2)the ability to 
adsorb a wide range of HC molecule sizes in the cold 
exhaust gas. 

Recent zeolite development has resulted in fin unique 
adsorbent capable of adsorbing small HC molecules as well 
as forgo to some degree, even under aqueous conditions. 
This adsorbent also features a relatively high HC desorption 
temperature. Aa a raauft, an in-line HC adsorber sygtom has 
been developed, which can trap more unbumed HCs during 
the engine cold start phase and bum-off the desorbed HCs 
more efficiency in the dBsorption phase by using this unique 
adsorbent This HC adsorber ayatero demonstrated a drastic 
reduction in FTP NMHC emission. 

This paper describes our evaluation resutte of the improved 
HC adsorber including a discussion on the thermal durability 
of the adsorbent. 

This In-line HC adsorber system is one of the viable tools to 
address future tighter regulations as a ^stand-abne" sy3em 
or as a component within other after-trestment systems to 
increase Their effectiveness. 

1 ) INTRODUCTION 

In our previous SAE papers 970266 and 960423, NGK 
Insulators, Ltd. has proposed the In-line HydnxarbonfHC) 
Adsorber System to address cold start emissions, which 
included a HC adsorber component with a center hols, 
followed by a bum-off catalyst (Figure 1). The center hole 
provided a direct flow(heat) path for the exhaust gas to the 
bum-off catalyst This design feature compensated for the 
temperature difference between HC desorption from (he 
adsorbent and activation of the bum-off catalyst However, 
this design also required a trade-off between HC adsorption 
efficiency and conversion efficiency of the desorbed HCs, 
because the center hole sacrificed HC adsorption efficiency. 


Therefore, in our latest phase of development, we have 
addressed the challenge of efrminating the canter hole of the 
adsorber component by improving the adsorbent material to 
rotarn the HC molecules until the catalyst activation 
temperature is obtained. A key feature of the generation HC 
adsorber system is ths desorbed HCs from the improved 
adsorbent are bumedoff by the catalyst component 
coexisting with It on the adsorber, so thai high adsorption 
efficiency and high desorbed HC conversion efficiency were 
achieved simultaneously. 

Then, taking advantage of the excellent adsorption 
capability to trap fine HC molecules as well as large proven 
with this unique adsorbent provided a means to further 
Improve HC adsorption efficiency, another technical 
challenge for the HC adsorber system. 

Furthermore, while evaluating the advantageous 
characteristics of this new adsorbent, a detailed study on its 
thermal stability was conducted. Thermal stability was the 
sole concern we had for The practical use of this adsorbent 

For the evaluation of the forementloned objectives, 
laboratory tests using a model gas and on-vehcta FTP tests 
were adopted. The experimental procedure and teat results 
of the laboratory and vehicle test are discussed in section D 
and ID. 


avtxyA- 



Figure 1. Illustration of the "In-line HC Adsorber System" 


fl) EXPERIMENTAL PROCEDURE 

fl -1) LABORATORY ADSORPTION TEST 
\) SgrnplR Preparation : 

Zeolrte- AX was obtained modifying the H-type Zeolite-A 
(large pore zeolite, S«0/Al a 0 3 = 150) with en additive X. Test 
samples for measuring HC adsorption were prepared by 
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rashcoatmg the Zeolite- AX onto cordierite honeycomb 
substrates (6mil/4OOcpsi,25rnrn0 » 50m m^, to a fixed 
loading of 160g/fiter each. 

j j) Acceferated Engine Aoinfl : 

The prepared laboratory test samples were mounted on the 
six-bed chamber (Figure 2) and exposed to engine aging 
under The accelerated engine aging conditions shown m 
Table 1. The aging is equiualent to 50.000 vehicle miles m 
the under-floor position when carried out at the inlet gas 
temperature of 750°C\ 

'Estimated by a Japanese automotive company. 

Sample 



From View SidoVlow 
Figure 2. Six-bed Chamber 

Table 1. Accelerated Engine Aging Conditions 


SQuIpfTtant 

4.9ter,veEngtno 

Gas Temperature 

aoojSO'C mMbi 

AgtnoCfcde 

60 SaasratB Ciuto Mode 
and 5 Saconda Fuel Cox Mods 


IDOHeura 

AfltriflFuel 

Joonnotie Oornerfc Fuol 

( Safer ... OJOXwt* ) 


■ft Adsorption Test: 

After engine aging, the HC adsorption capacities of the 
test samples were evaluated in a laboratory test apparatus 
with simulated automotive gas mixture. The gas mixture 
flowing through the sample is monitored for HC 
concentrations at the inlal and outlet of the sample. After 
300 seconds of operation, the total amount of adsorbed 


HC was calculated from the difference between the inlet 
and outlet HC concentrations. 

Table 2. Laboratory Adsorption Test Conditions 



The detailed test conditions are shown in Table 2. 
The adsorption test was repeated six timos for each 
sample, with inlet gas temperature controlled at 60°C, 
100 o C, 140°C. iaO°C ? 2601:. and 340°C, respectively, to 
determine the HC adsorption profile against the inlet gas 
temperature. 

After each time HC adsorption was tested, the sample 
was calcined at 500°C to assure complete HC desorprjon. 

Either toluene, representing the large HC molecule 
species, or prepyloric, representing the small HC molecule 
species, of the engine exhaust hydrocarbons, was used 
as the HC source gas for the simulated gas mixture. 

fl-2) FTP TEST ON A MYSC 3.6UTER VEHICLE 

ft Sampte Preparation: 

FTP test samples (AOS-AX, ADS-A) were prepared by 
washcoating the Zeolfte-AX or Zaolite-A and Pd catalyst 
onto cordierite honeycomb substrates. ThB Pd catalyst 
function was to oxidize the adsorbed HCs as they 
desorbed- The sample dimensions were nammo • 
200mm l . A reference sample (ADS-REF) was also 
prepared by coating nothing but the Pd catalyst onto the 
same contour substrates. In addition, PeVRh light-off 
catalyst (LO-1) and Pd light-off catalyst (LO-2) were arso 
prepared as other major system components. Details of 
respective component samples are shown In Table 3. 


Table 3, Component Parameters of the In-line HC Adsorber System 
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ii) Accelergrpd Fngino Aging: 

The prepared HC adsorber samples were engine agBd 
under the same accelerated engine aging conditions as 
shown in Table 1, except for the temperature conditions. 
In the case of these full-size samples, the bed 
temperatures were controlled to 550°C, 600 a C, 650°C, 
7Q0°C I and 750"C, respectively. The varied temperatures 
were selected for The sake of more detailed investigation 
than the laboratory adsorption test, in which the aging 
temperature was either 65Q°C or 700*C. 
, independent of the HC adsorbers, tne LO-1 and UO-2 
catalysts were also engine aged under the conditions 
which were regarded as equivalent to 50,000 vehicle miles 
in the under-ffoor position. 

ii'Q FJP Tflftt: 

After the engine dyno aging, the Irvlfne MC adsorber 
system was installed in the under-floor position on a 
MY9S Buick LeSabre(3.8titer, V6 engine). FTP emission 
tests were then carried out using Japanese domestic fuel. 
The FTP test configuration is illustrated in Figure 3„ 


Secondary air was not injected for all the FTP tests 
presented in this paper. 



Figures. Illustration of FTP Test Configuration on 
MY95 Buick leSafare* 

IQ) TEST RESULTS 

ffl-1) LABORATORY ADSORPTION TEST 

Figure 4 compares the correlation between the 
measurtng cemperarune and the amount ot adsorbed HCs 
tor fresh samples which wbto coaled with Zeofite-AX and 
2eoiite-A, respectively. Figure 4a shows the test results 
for toluene as the HC source, and Figure 4b for propylene. 


Fig 4a : Tofuene 




Fig 4b : Propylene 


Zeottta-AX 



0 100 300 400 

Measuring Temperature [X) 

r 

Figure 4. Measuring Temperature Dependency of HC AdSOfOlJcn 


0 100 200 300 400 
Measuring Temperature (X) 


The amounts of toluene adsorbed by ZeoJlte-AX and 
Zeolite-A samples were almost the same at temperatures 
below 100°C 

On the other hand, as shown in Figure 4b, the propylene 
adsorbed by Zeolite- A was minimal, however. Zeolite- AX 
exhibited a limited capability to adsorb propylene, even in 
aqueous conditions. The hypothesis is due to the chemical 
adsorption sites of Zeolite-AX- 

The zeolite modifications resulting from additive X 
allowed for the adsorption of not only large HC molecules 
(toluene) but also fine HC molecules (propylene), whereas 
Zeolite-A's performance was limited to physically 
adsorbing large HC molecules due to the appropriate 
affinity between the originally large pore structure and the 
targe HC molecules . 

It was demonstrated that Zeolite- AX maintains its HC 

adsorption capability up to 350°C As the physical 
adsorption limit of HC molecules by a zeolite material is 
generally understood to be around 100 to 1S0 D C. we 
determined thai the adsorption capability demonstrated at 


these high temperatures supports the existence of 
chemical adsorption. 

For example, In the case of toluene adsorption. Zeolite- 
AX. exhibiting a decrease in physical adsorption as the 
temperature Increased from 100*C to 1fl0°C. retained a 
certain amount of adsorption up to 350 9 C> which was 
considered to represent the chemisorption. On the other 
hand. Zeolite-A, which has only physical adsorption 
capability, depleted all of its adsorption capacity between 
100°C andlSOX. 

Next, we carried out a preliminary study on the thermal 
durability of the chemical adsorption sites. 
Figure S plotted the amounts of toluene and propylene 

adsorbed by the Zeclfto-AX and Zeolite-A samples, 

respectively, against the "fresh" and each engine aging 
temperatura(£Oa e C and 750°C). The data measured at the 
inlet gas temperatures of 100°C and 2S0°C were selected 
because these temperatures represented the following 
adsorption forms: both physical and chemical adsorptions 
could occur at 10O°C, and only chemical adsorption 
occurred at 2E0°C. 
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Figure 5. Engine Aging Temperature Dependency of HC Adsorption 


Most of toluene adsorption by Zeoflte-A at i0G°C was found 
to remain even after engine aging at 750°C (Ftgure 5a). As 
the adsorption is physical, ffie pore structure of rhe Zeolfe-A 
seems to have been primarily maintained up to 750 a C. On 
the other hand, the propylene adsorption at inrst gas 
temperatures of 100°C (Figure 5b) and 260X (Figure 5d) 
and toluene adsorption at 260°C (Figure Sc) by ZeolIte-AX 
are considered to be chemical adsorption. From the fact that 
the chemical adsorption capability was maintained after 
engine aging at 600 D C and lost at 750°C, the thermal stability 
limit of the chemcaJ adsorption sites of Zeolite- AX was 
estimated to be between 600 to 7S0°C in this laboratory test 

ffl-2) FTP TEST ON A MY95 3.8LfT^R VEHICLE 

The laboratory adsorption test results proved not only the 
advantageous features of Zoolitfi- AX, previously described, 
but also highlighted our concern about its thermal stability. 
Therefore, the engine aging of full-size adsorber- samples 
were conducted with more variation of temperatures around 
60O°C and 750°C, and furthermore, the system configuration 


snown in Figure 3 was adopted. Thia configuration 
allowed the adsorber portion of the system to be Installed 
as far as possible from the engine and heat sinks (U- : 
LO-1, LO-2 and supporting components) to be located 
Detween the engine and the adoorber. For afl the FTP 
tests presented in this paper, LO-1 and LO-2 aged 
equivalent to 50,000 vehicle miles were uaed. 
Figure 6 indicates the continuous HC concentration 
emitted from the tall pipe during the FTP teats carried out 
on the vehicle equipped with the In-line HC adsorber 
system having the ADS-AX and ADS-A, respectively, as 
an adsorber. AH of the adsorber samples were Iresh". For 
reference, the HC concenrratlon monitored at the outlet of 
the LO-2 and the ADS mid-bed temperature are also 
shown in the figure. 
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Figure 6. Continuous HC Concentration during Cold Start in FTP Tests 


Tha difference in HC emission concentrations between 
"the outlet Of the LO-2" and the ADS-A system just after 
tha cold start (the dash-lined area) is considered to be the 
representation of physical adsorption of large HC 
molecules in the engine exhaust gas. In the case of the 
physical adsorption, the adsorption capability is lost at 
temperatures of 100 to 1S0 a C, as previously explained. 
Therefore, most of the adsorbed HC molecules are 
released without being oxidized, because the coexisting 
catalyst components have not reached their activation 
temperature* 

The difference between ADS-A system and ADS-AX 
system (the black area) can be attributed to the effects of 
the chemical adsorption property of the Zeolite-AX. These 
FTP tests results confirm what had previously been 
indicated in the laboratory adsorption test. 

In detail, the FTP test results of the ADS-AX can be 
analyzed as fallows: 

At the early stage of the cold start HC adsorption 
efficiency was improved by adsorbing both targe and fine 
HC molecutes. 


Afso, since the chemical adsorption capabillry of trie 
Zeolfie-AX remained effective above 3O0 D C, the coexisting 
catalyst components became active in time for desorptlon 
of the chemlsoftoed HCs to oxidize most of the deeorbed 
HCs. Oxygen needed for the oxidation of the desomefl 
HCs seemed to be supplied by the CeOz in the coexisting 
catalyst components. 

In the next phase of evaluation, the tnermal stability of 
chemical adsorption sites, which was Identified as a 
concern for Zeolite- AX In the laboratory adsorption tests, 
was further investigated on the vehicle FTP tests. Table 4 
shows the FTP test results for In-line HC adsorber 
systems comprised of the aged ADS-AX, ADS-A, and 
ADS-REF samples in addition to fresh" samples, 
respectively. The data in this table indicate Bag1 HC 
emissions, because Bag! represents the cold start stage 
in which HC adsorbers primarily demonstrate their HC 
adsorbing functions. 

Figure 7 is a graph of the Table 4 data for ADS-AX and 
ADS-A. 


Table 4. The Influence of Adsorber Agfng Temperature on Bag1 HC Emission 


""*^PS Aging T«m& 

— -Z. no 

AOS Sa/nplo 

( Fresh ) 

550 

600 

650 

700 

750 

ADS-AX 

0.151 

0.148 

0.15 

0.176 

0.185 

0.205 

ADS-A 

0.220 

No Data 

No Data 

0.23S 

0.239 

0.251 

ADS-REF 

No Data 

No Data 

No Data 

0.237 

No Data 

No Data 
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Figura 7. Effect af Engine Aging Temperature 
on Bagi HC Emission 

ADS A exhibits the same Bagi HC emission as that af 
ADS-REF after the engine aging at 6S0°C, a result of the 
ADS-A releasing mast of the adsorbed HCs without 
□xfdarlon. On the otner hand. ADS-AX demonstrated a 
lower HC emission level in these FTP tests than that of 
trie ADS-A, proving Its advantage even after the engine 
aging at 7S0°C. 

When we focus on me ADS-A nrst, the Bagi He 
emissions slightly increased from 6SG°C to 750°C. We 
attributed the slight increase to not the destruction of 
zeolite pore structures but the deterioration of the 
coexisting catalyst components. Tne pore structure of 
Zeolite- A was not significantly damaged by exposure to 
we temperatures up to 750* C, retaining most or n& 
physical adsorption capability. This condition was 
supported by examination or me HC emission 
concentration profiles during the early stage(0-25 
seconds) of the cold start {Figure 6). When comparing the 1 
HC profile of the 750 D C aged ADS-A with the one of the 
Tresn" ads-a, no significant atTTerenco was oosewea 
During thrs cold start period the catalyst components are 
Inactive, therefore, the no significant difference between 
them indicates the adsorbability of both aged and Iresh" 
Zeoflre-A was equivalent 



O S 10 15 20 25 
FTP Time (sec) 

Figure 8. Continuous HC Concentration for ADS-A 
in Early Stage of Cold Start 


Though ADS-A aged below 550°C was not tBsted, it is 
estimated to exhibit the same Bagi HC emission as the 
"fresh" ADS-A, as was actually demonstrated by ADS-AX, 
which has the earn© zeolite pore structure aa tha ADS-A. 

On the other hand, as demonstrated in the laboratory 
adsorption test results, the Bagi HC emission of the ADS- 
AX increased gradually when aged above 600°C. Figure 
9, which exhibits the HC emission concentration profiles of 
"fresh" and aged ADS-AX in the same manner as Figure a 
for ADS-A, also proves that Zeolite- AX gradually reduces 
its HC adsorption capability. This reduction in HC 

ac sorption io believed to bo caused by the partial 

deterioration of the chemical adsorption sites due to the 

corrosion of the X component above GSO°C. With only the 
physical adsorption capability remaining, the HC 
emissions for Zeolite-AX seem to be converging to those 
for Zeolite-A at around 600 to B50*C> However, as 
mentioned above* the In-line HC adsorber system using 
the ADS-AX component actually provided an advantage 
over the ADS-A system up to 700 or 750°C as well as the 
ADS-REF system without any zeolite and tha OEM 
converter aged under the same conditions as the LO-1 
and LO-2 catalysts (Bagi HC emission : o.406g/mile) in 
FTP testing, Therefore, It would positively contribute to the 
reduction of HC emissions by arranging a better system 
layout with a lower exhaust heat load {e.g., positioning of 
the adsorbent downstream of the exhaust after-treatment 
system, placing a heat sink in front of the adsorber, etc.) 
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Figure 9. Continuous HC Concentration for ADS-AX 
in Early Stage o! Cold Start 
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(Zeolite-A), which provides only physical adsorption, 
using a unique adsorbent (Zeolite- AX), which can 
adsorb fine HC molecules even in the presence of 
water and also have a relatively high HC desorptton 
temperature due ro the effect of the chemical adsorption 
sites, allows significant^ more HC emissions to be 
adsorbed for longer periods of time during Che engine 
cold start. As a result, Bagt HC emission level can be 

. considerably reduced (for fresh adsorber : 31%, for 
750°C aged adsorber : lfl% reduction Prom ADS-A). 
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FUTURE STUDIES 

The future studies we wRI conduct are: 

> Study on the limits of the thermal stability of Zeolrte-AX 
over Zeoliie-A in vehicle tests 

• Devise a passive system layout thai can protect ZeoCte- 
AX from extreme exhaust heat 

• Study of the thermal stabflfty of Zeolrte-AX at higher 
temperatures but for shorter time in view of possible 
engine malfunctions 

• Combination of the Zeolrte-AX adsorber with other 
exhaust gas purification technologies (e.g. low 
temperature light-off catalyst material, thin wall substrates, 
and EHC) 

• Determine HC storage capacity of Zeolits-AX adsorber 
(i.e. Determine the number of FTP cold starts before 
Zeolrte-AX adsorber is saturated) 

- Determine the effects of sulfur on HC adsorber 
perfprmance 
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